Approaching sub-50 nanoradian measurements by reducing the saw-tooth deviation of the autocollimator in the Nano-Optic-Measuring Machine  by Qian, Shinan et al.
Letter to the Editor
Approaching sub-50 nanoradian measurements by reducing
the saw-tooth deviation of the autocollimator
in the Nano-Optic-Measuring Machine
Shinan Qian a,n, Ralf D. Geckeler b, Andreas Just b, Mourad Idir a, Xuehui Wu c
a National Synchrotron Light Source II, Brookhaven National Laboratory, Upton, NY 11973, USA
b Physikalisch-Technische Bundesanstalt Braunschweig und Berlin, Hahn-Meitner-Platz 1, 14109 Berlin, Germany
c Beijing Institute of High Energy Physics, Beijing 100049, China
a r t i c l e i n f o
Article history:
Received 25 November 2014
Received in revised form
27 February 2015
Accepted 28 February 2015
Available online 9 March 2015
Keywords:
Nano-accuracy metrology
Optical surface measurements
Figure
Synchrotron radiation
a b s t r a c t
Since the development of the Nano-Optic-Measuring Machine (NOM), the accuracy of measuring the
proﬁle of an optical surface has been enhanced to the 100-nrad rms level or better. However, to update
the accuracy of the NOM system to sub-50 nrad rms, the large saw-tooth deviation (269 nrad rms) of an
existing electronic autocollimator, the Elcomat 3000/8, must be resolved. We carried out simulations to
assess the saw-tooth-like deviation. We developed a method for setting readings to reduce the deviation
to sub-50 nrad rms, suitable for testing plane mirrors. With this method, we found that all the tests
conducted in a slowly rising section of the saw-tooth show a small deviation of 28.8 to o40 nrad rms.
We also developed a dense-measurement method and an integer-period method to lower the saw-tooth
deviation during tests of sphere mirrors. Further research is necessary for formulating a precise test for a
spherical mirror. We present a series of test results from our experiments that verify the value of the
improvements we made.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Since the development in 2003 of the Nano-Optic-Measuring
Machine (NOM) at the Helmholtz-Zentrum Berlin für Materialien
und Energie GmbH (HZB)/BESSY-II, Germany [1,2], the measuring
accuracy of the proﬁle of optical surfaces has been enhanced to
100 nrad rms level, or better. A recent development in synchrotron-
optics metrology was in establishing and applying the NOM-like
proﬁler-systems for ultra-accuracy tests of mirrors. Such research is
underway at several institutes: The Diamond-NOM of the Diamond
Light Source Ltd., UK [3], the Alba-NOM of the Spanish Synchrotron
Radiation Facility, Spain [4], and the APS-NOM of the Advanced
Photon Source (APS), USA [5,6]. Also under development is the long-
trace proﬁler of the Advanced Light Source (ALS), USA [7], the MHPP-
LTP-NOM of Brookhaven National Laboratory (BNL), USA [8], the
Zeeko Scanning Penta-prism Proﬁler SPP 1600 at Zeeko Ltd., UK [9],
and the Scanning deﬂectometric proﬁler (SDP) of the National
Metrology Institute of Japan [10].
The NOM combines a highly accurate electronic autocollimator,
Elcomat 3000/8 [11], serving as the optical sensor with a scanning
penta-prism and a pinhole to measure the reﬂected angle from the
mirror being tested (Fig. 1); from this value, we can construct the
surface proﬁle. Its underlying principle is similar to that of the
scanning penta-prism's long-trace proﬁler [12]. Applying the penta-
prism automatically eliminates the error of the slide's pitch. The great
success of the NOM mainly beneﬁtted from incorporating a precise
Elcomat with a small aperture for acquiring nano-accurate measure-
ments. The Elcomat is a small-angle measurement instrument, offer-
ing an accuracy better than 70.1″ (7485 nrad) P–V for typical
apertures of 32 mm diameter; moreover, due to its high reproduci-
bility, its error can be precisely calibrated and removed, if the
conditions of its calibration and measurement are identical. The
Elcomat is produced by Möller-Wedel Optical GmbH (Germany). We
note that the deﬂectometer applying the method of Extended Shear
Angle Difference that was developed by Physikalisch-Technische
Bundesanstalt Braunschweig und Berlin (PTB) also uses the Elcomat.
Our objective is to approach an accuracy of 20–50 nrad rms in
measuring plane mirrors, and a higher accuracy for curved
mirrors. Many features restrict our enhancing accuracy to this
level. In this paper, we focus only on the relatively large systematic
error of the NOM; that is, the saw-tooth-shaped deviation of our
autocollimator Elcomat SN 998 when measuring with very small
apertures. According to the PTB calibration, the Elcomat has a
systematic saw-tooth shaped deviation when measured with very
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/nima
Nuclear Instruments and Methods in
Physics Research A
http://dx.doi.org/10.1016/j.nima.2015.02.065
0168-9002/& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
n Corresponding author.
E-mail address: qian@bnl.gov (S. Qian).
Nuclear Instruments and Methods in Physics Research A 785 (2015) 206–212
small apertures [13–16]. This deviation will generate an error
bigger than our target value, sub-50 nrad rms, in tests of both
plane- and curved-mirrors. If this error cannot be reduced, the
measurement accuracy of sub-50 nrad rms has little meaning.
2. The saw-tooth error in the NOM system
The Elcomat applies a cross-reticle of an 8-line, high-resolution
CCD detector, and control system to obtain highest possible cross-
position reading. Autocollimators are usually designed and speci-
ﬁed for use at relatively large or unrestricted apertures, and the
range of their angular deviations are speciﬁed accordingly. The
algorithms, optimized for using at large apertures, perform excel-
lently. However, with very small test aperture and in a high
accuracy test, the saw-tooth deviation becomes evident. It is a
systematic deviation that degrades the measurement's accuracy.
Fig. 2 is an example of the saw-tooth-like oscillating pattern of
the NSLSII's Elcomat SN 998. The saw-tooth's period, approxi-
mately 2.74″ (13.28 μrad) in the Y-axis direction of the Elcomat, is
associated with the 7 μm-pixel pitch of the CCD detector. We
undertook a calibration using the PTB's primary angle-reference
standard, the Heidenhain WMT220 angle comparator, that has an
uncertainty of u¼0.001 arcsec (4.85 nrad). For this calibration, we
employed a 2.5 mm-aperture beam, and a 100% reﬂectivity mirror
with a 0.1″ test step. The mirror was set on the rotational center of
the WMT220 at ﬁxed distance of 500 mm. The real saw-tooth
deviation in Fig. 2 is the difference between the angle readings
from the Elcomat and the WMT220; it is not the error in slope of
the mirror. According to the PTB's report: “The expanded mea-
surement uncertainty of the Elcomat SN 998 calibration is 0.032″”.
Fig. 2 is included only for showing the existence of saw-tooth
errors, and not for system calibration.
The severe distortion of the reticle image on the detector,
caused by diffraction and interference (aggravated by our using a
small autocollimator aperture), causes deviations in calculating
the position-data, and ﬁnally results in a saw-tooth-like effect.
The following are the characteristics of our Elcomat's saw-tooth
deviation:
a) Generally, it is a continuously periodic saw-tooth deviation in
both the X- and Y-directions (Fig. 2) that exists in all the
Elcomat's test ranges.
b) The saw-tooth comprises asymmetric but approximately trian-
gular waves with a slowly rising section and a quickly falling
one. The periodic shape of different Elcomats may differ.
c) Its peak-to-valley error is about 0.165″¼800 nrad (2.5 mm
aperture) that still is within the accuracy speciﬁcation of
1000 nrad, even though it is used outside the manufacturer's
speciﬁcation. The root-mean-square error is 269 nrad, a large
enough number to destroy a sub-50 nrad rms measurement.
The period of saw-tooth deviation is about 2.74″. The angle of
its slowly rising section is 2.34″ (11.34 urad), while that of its
quickly falling section is 0.4″ (1.94 μrad).
d) The saw-tooth deviation of the Elcomat greatly complicates
using the PTB-calibration curve.
3. The simulation of saw-tooth error impact of the Elcomat
To analyze and explain the impact of the saw-tooth deviation
on the accuracy of measurement, a simulation is very helpful. We
created a single saw-tooth curve/proﬁle with an 800-nrad P–V
error in a period of 2.74″. Its slowly rising section is 2.34″, and its
rapidly falling section is 0.4″. This shape is similar to our Elcomat
saw-tooth deviation-curve that we tested by PTB (Fig. 2). However,
this curve has a high-angle resolution of a 0.01″ step throughout
the entire test range of 71000″. The entire 200,000 angle points
are in the ﬁle. Thereafter, simulation tests can be carried out
conveniently and freely on this data ﬁle when picking sets of data
with the desired angle intervals in n2.74″ (where n is the
number of saw-tooth periods). Fig. 3 shows different curves of
Fig. 1. The NOM system: A thin beam is scanned from the autocollimator, Elcomat,
using a penta-prism with a pinhole, and the angle of the Elcomat test beam is
reﬂected from mirror under test, then the surface proﬁle can be constructed.
Fig. 2. Realistic saw-tooth error of the Elcomat. It is calibrated by using the PTB's the primary angle-reference standard, the Heidenhain WMT220 angle comparator. The
coordinate X is WMT220 angle reading and the coordinate Y is difference between WMT220 and the Elcomat.
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saw-tooth deviation resulting from different matches between the
simulation's sampling intervals, n 2.74″ (n¼4, 4.01, 4.03, 4.05,
4.07, 4.09, 4.1, 4.3, 4.5, 4.7, and 4.9), and the period of simulated
saw-tooth (2.74″). If the number (n) of sampling intervals is
integral multiple of the period of the saw-tooth, the impact of
the saw-tooth error in simulation test will be zero (such as curve
0: n¼4.0 in Fig. 3). We can understand why the simulation test
with a 4.01 period interval derives a long saw-tooth-error curve: If
the starting point for sampling is at the minimum 0 of the ﬁrst
period, the consecutive sampling points will be at periods of 4.01,
8.02, …up to the 401th saw-tooth period after the 100 simulated
sampling points. An integer saw-tooth period of 401 means that
the sampling point returns to minimum 0 of the 402nd saw-
tooth period, so curve 1 is a long-period saw-tooth (4012.74″¼
1098.74″). In most cases, random sampling intervals (n) are used.
For example, an 11″ interval is related to n¼4.0146, and a 10″
interval is related to n¼3.650; hence, a large deviation could
remain in the results of the curved-mirror tests.
Fig. 4 depicts the real saw-tooth deviation of the NSLSII's
Elcomat, tested by PTB at intervals of 10″ and 11″ along the
direction of the Elcomat's X-axis. The high-order polynomial was
removed from Fig. 4, which eliminates most errors caused by
optical aberrations, alignment errors, and optical-component
errors. Then, the residual impact of the saw-tooth deviation is
seen clearly (Fig. 5). In both cases, that is, the intervals of 10″ and
11″, the residual error is about 290 nrad rms. This error will impact
the accuracy of the plane- and sphere-mirror tests. The simulation
test with approximate 10″ and 11″ separations shows a similar
saw-tooth error of 230 nrad rms (Fig. 6). Accordingly, we can use a
simulation to estimate and select the suitable test interval.
4. Using a method of reading setting to enhance the accuracy
of measuring a precise plane mirror
The desired accuracy in our measurements is sub-50 nrad rms,
or up to 20 nrad rms, so we must resolve the Elcomat's
269 nrad rms saw-tooth's systematic deviation caused by the
distortion of the signal. The manufacturer noted recently that it
is hard to improve the existing saw-tooth error of the Elcomat
3000/8 (SN 998) instrument. The ALS employs a useful shift-
average method to reduce large saw-tooth oscillations [7], but
partial saw-tooth error may remain. We are trying to devise a
sophisticated measurement technology to lower this error.
4.1. Set the Elcomat reading at speciﬁc location for enhancing
accuracy
In routine measurements on plane mirrors, we found that the
repeatability of the measurements is around 80 nrad rms, and it is
very hard to reach a constant deviation of sub-50 nrad rms in tests
with different setups (for example, readjusting the mirror, reversing
it, and round-robin testing with different NOM systems, even those
with a good thermal stability of 0.04 1C, P–V). Only in certain yet-
unqualiﬁed conditions, repeatability can be high; this is an obstacle
for approaching sub-50 nrad rms accuracy. From our research, we
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Fig. 3. Simulation test curves of saw-tooth deviation by picking up sets of data on
single simulation saw-tooth (2.74″ period) ﬁle with the intervals in n 2.74″ (n is
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discovered that the Elcomat reading location of the measurement is
essential. We developed a measurement technology by setting
Elcomat reading at speciﬁc location to lower this error. Saw-tooth
errors exist everywhere in entire range of measurement of the
Elcomat, and this undoubtedly will lessen accuracy in testing both
plane- and spherical-mirrors.
The entire error in the slope of a precise plane mirror is very
small, for example, only 1 μrad (P–V). During the tests, the reticle
image of the autocollimator always is adjusted approximately to
the ﬁeld's center-of view by tilting the mirror being tested,
because, at its center, the systematic error there is smallest.
Previously, there was no need to know the exact location of a
reading. However, in the presence of a saw-tooth error, the reading
location of the Elcomat becomes a signiﬁcant parameter that could
impact the accuracy of the sub-50 nrad rms test.
Let us analyze how errors in measurement are induced by the
slowly rising and quickly falling sections of saw-tooth, and then
estimate the value of the slopes' deviations. For simplicity, we use
straight-line saw-tooth curve (Fig. 7) for analyzing the error. The X
coordinate of Fig. 7 is the Elcomat reading in the Y axis, and the Y
coordinator therein is the real saw-tooth error of Elcomat. As
described above, the angle period of saw-tooth errors is about
2.74″, including a 2.34″ slowly rising section, and a 0.4″ quickly
falling section. We set the reading location at point C on the slowly
rising section A. Due to this saw-tooth error, a real mirror
deviation of 7500 nrad (displayed in the X direction, the green
line in Fig. 7) will be read with an additional 735.2 nrad error in
measurement according to the triangle calculation. This deviation
is small and is tolerable for a test with sub-50 nrad rms accuracy. If
SlopeA and SlopeB are the slopes of line A and B, then
SlopeA¼800 nrad/11.34 μrad¼0.0705
SlopeB¼800 nrad/1.94 μrad¼0.412
The actual mirror's slope error (SlopeMR) and SlopeA or SlopeB
determine the deviation in the measurement at every test point as
follows:
Deviation xð Þ ¼ SlopeMR xð ÞnSlopeA or SlopeBð Þ ð1Þ
where x is the mirrors' test position.
In contrast, if the reading location is set at point D on the
quickly falling section, B, of the saw-tooth, the deviation of the
measurement of 7500 nrad is 7206 nrad according to Eq. (1),
that is, a slope sufﬁcient to produce a signiﬁcant deviation that
will destroy sub-50 nrad accuracy. Incidentally, we note that point
D has a negative slope, as denoted by the pink triangle. The signs
of the deviations on two sections of the saw-tooth differ. So, when
the two tests are located separately on points C and D of sections A
and B, the maximum difference will be 35.2(206)¼241.2 nrad.
If the mirror has large slope error of 71 μrad, the error in
measurement will be doubled. If two tests are taken together on
the same line A accidently, the tests will be accurate. This is the
reason why the comparative tests occasionally are good or poor. If
the experimenter is aware of this important fact, and applies the
location-setting method for the measurements, the results will be
of the highest accuracy.
We made ﬁve sets of comparisons (Table 1) on mirror 1 (plane,
silicon, length 150 mm, uncoated, beam aperture 2.5 mm) at differ-
ent Elcomat-reading locations (15, 0, 1.5, 8.7, and 10 μrad). Each test
comprised 60 scans on average with 60 readings at each point.
From the results of the above measurements, the tests located
at a slowly rising section (15u, 0u, 1.5u) of the saw-tooth show a
good agreement of o40 nrad rms, even though they are located at
different periods of the saw-tooth. The differences between any
test ﬁle on the rising section A (15u, 0u, 1.5u) and one on falling
section B (8.7u) always are large (79–100 nrad rms) (Fig. 8 and
Table 1). The differences between any test ﬁle on the rising section
(15u, 0u, 1.5u) and the test ﬁle on the intersection of the sections
(10u) still are large (58–68 nrad rms). These tests precisely verify
the above analysis. From Fig. 8, we see that the absolute values of
peaks and valleys tested on line A are slightly increased, while
those tested on line B are signiﬁcantly suppressed because of
different slopes and signs of lines A and B. We can use Eq. (1) to
further reduce the errors on line A. However, the saw-tooth on
Fig. 7 is simpliﬁed, so that the actual saw-tooth (Fig. 2) will
generate a small difference.
Fig. 9 shows very small error of 28.8 nrad rms between both
tests located at the slowly rising lines of saw-tooth, even though
the mirror was reversed 1801 after 5 days. This excellent over-
lapping of the curves only can be obtained by using the reading-
setting method in acquiring readings on slowly rising section of
the saw-tooth.
4.2. Method to ﬁnd the center of the slowly rising section of the saw-
tooth
The Elcomat reading should be set on rising section of the
saw-tooth's error curve. The center is a good mark for the rising
section. In general, this location is invisible, and it is necessary to
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Fig. 7. A series of tests on plane mirror were done with Elcomat reading at
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web version of this article.)
Table 1
Errors induced by testing at different reading locations (the ﬁrst-order polynomial was removed).
Difference 15u - 1.5ua 15u - 0u NORevb 15u - 8.7u 1.5u - 0u NORev 1.5u - 8.7u 0u NORev - 8.7u
Error nrad rms 39.7 38.4 79.1 28.8 98.5 99.7
Difference 8.7u10u 1.5u10u 1510u 0u NORev10u
Error nrad rms 44 67.6 58.3 66.9
a “15u to 1.5u” means the error of two ﬁles (“15u” and “1.5u”) tested at Elcomat reading locations of –15 μrad and þ1.5 μrad. Their locations are displayed on Fig. 7.
Good locations: “15u”, “0u” and “1.5u”. Bad locations: “8.7u”, and “10u”.
b “NORev” means mirror is not reversed; otherwise the mirror is reversed by 1801.
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speciﬁcally ﬁnd out where it is. Undoubtedly, we can use the PTB's
calibration curve to ﬁnd this point. However, we recognized that this
position could differ for different calibration distances. For example,
BNL's Elcomat's calibrated centers are at 3.3 μrad for a calibration
distance of 500 mm, and at 6.0 μrad for a calibration distance of
270 mm. Hence, the proper position must be checked under the
particular operational conditions.
To ﬁnd the location of the saw-tooth, we need very small angle-
scan to explore the saw-tooth's shape and position. Here, a precise
and sensitive tilt stage is invaluable. For simplicity, we undertook a
scan on a precise spherical mirror of R¼50 m with 0.01 mm scan
step in a 3–4 mm scan distance. We averaged 60 readings at each
point, and set the Elcomat readings from 30 μrad to þ30 μrad.
After we removed the sphere from the data, a saw-teeth error
appears (Fig. 10). This curve was obtained by scanning on a
spherical surface, so it is a saw-tooth shape (Fig. 2) modulated
by the slope error of the sphere, resulting in rough curve that is
not precisely a periodic curve. In contrast, the saw-tooth in Fig. 2 is
much more accurate because it details our comparison of the angle
between the Elcomat and that of the WMT220 comparator
because it is a test that does not involve the slope error in the
sphere mirror. However, these location tests need not be very
accurate. The center of slow rising section of the saw-tooth can be
successfully found in the following way, as depicted in Fig. 10:
First, ﬁnd X-coordinate (240.7 mm) at the center of slow rising
section on a saw-tooth curve; second, draw a vertical line from this
point to intersect with the inclined line (the sphere-scan slope
curve); third, draw a horizontal line from that intersection to the
Y-coordinator to obtain the Elcomat's reading position at 2.3 μrad.
In the same way, we can ﬁnd and use good locations at about
11.6 and 14.8 μrad on other saw-teeth structures (Fig. 10).
This method for attaining a 50-nrad rms enhancement in accu-
racy in measuring a plane-mirror is very simple. If the principle of
this method is known and understood, and provided that the large
radius mirror is ready, the real reading location can be found for
one's own Elcomat within half a day. This test needs to be executed
only once. In the sequence measurements, the only essential factor
that an experimenter must remember is always to set the Elcomat's
reading at the center of a slowly rising section (2.3 μrad). Never set
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the reading on a quickly falling section of the saw-tooth. By using this
approach, the test accuracy can be maintained actively without
involving additional time or work. We note that if the instrument
is unstable, the reading location will shift away from good section of
the saw-tooth in multiple scans.
5. Methods to eliminate the impact of the pixel effect of
Elcomat in testing spherical mirrors
Measuring a sphere is very different from testing a plane mirror.
The sphere has a large slope, so it is hard to avoid the impact of the
saw-tooth effect. In general, the experimenter chooses the equal
interval/step in distance for the scan without accounting for the angle
interval. This results in a random angle interval in decimal numbers of
the saw-tooth period of the Elcomat, which is not suitable for
suppressing the saw-tooth deviation.
For testing spherical mirrors, the curve (T) is a combination of
the actual mirror's error M, the systematic error,SYS, of measure-
ment device, and the saw-tooth error, S:
T xð Þ ¼M xð ÞþSYS xð ÞþS xð Þ ð2Þ
SYS(x) and S(x) must be removed in a sub-50 nrad test. This
paper considers only the reduction of saw-tooth error S(x) of
269 nrad rms. We discuss two methods to reduce the saw-tooth
error of the autocollimator from the sphere mirror tests.
5.1. Dense measurement method
To obtain detailed information of saw-tooth error so that it can
be removed, a dense measurement method is used. For example, a
dense scan step of 0.1 mm, related to 0.911 μrad/step, is used in
testing R¼100 m mirror (20 scans on average). Within each saw-
tooth period of 13.28 μrad, there are 14.57 test points. In this way,
clear saw-teeth are displayed along the entire curve (Fig. 11(a)).
We calculated the slopes at the centers of the slowly rising section
or at other speciﬁc locations of every saw-tooth, and used them to
reconstruct a new residual-slope curve (Fig. 11(b)). This constitutes
the results of a sphere-mirror test result without the impact of the
saw-tooth. The alternative method is ﬁtting a high-order poly-
nomal curve (for example, the 8th) as the resulting slope if there is
no other slope oscillation in high frequency on the curve. The
strategy of this method is to test the saw-teeth ﬁrst, and then to
skirt around them by calculation. Large test intervals are not
considered because they will derive uncertain saw-tooth periods
and shapes, so causing difﬁculties in precisely removing the saw-
tooth error.
5.2. Integer period method
According to our previous simulation analysis, if the test interval is
an integer period of the saw-tooth, the tested slope's curve should be
a straight line without a saw-tooth (Fig. 3, n¼4) because every testing
point is located at the same phase. We tested an R¼100-meter mirror
with one period of the saw-tooth (13.28 μrad related to a moving
step¼1.457 mm), starting the scan at about the center of slowly rising
section of the saw-tooth. The residual slope of a sphere mirror is a
non-saw-tooth curve (Fig. 11(c)). This result is very close to the one
tested by using the dense measurement method. The difference
between them is about 80 nrad rms. The error is greatly reduced
but further work is needed for reaching sub-50 nrad rms accuracy.
The strategy of this method is always to set all test points at the
center of the slowly rising section to avoid the impact of the saw-
tooth.
In both methods, the treatments concentrate on the relation-
ship between the period of the saw-tooth and the interval of the
angle scan. In this way, a saw-tooth error about 269 nrad rms can
be removed, so it is a considerable improvement. Smoothing the
saw-tooth curve can suppress the oscillation, but it will somewhat
distort the residual slope. The shift-average method [7] can
suppress the saw-tooth, but certain saw-tooth errors will remain
because the saw-tooth is not symmetric. Hence, further compar-
isons and improvements are needed.
The dense measurement method seems convenient and accu-
rate in operation and analysis. Sphere measurements of a small
radius of curvature will cover the full test range of the Elcomat:
71000″¼74848 urad. In this case, in using the dense-test
method about 1 urad / step is required, that is, a total 10,000 test
points; in general, averaging several scans always is considered
necessary for obtaining precise measurements; accordingly com-
pleting the tests may take 24 h or more. However, this approach
yields highly accurate measurements; maintaining a thermal
stability of 0.02–0.04 1C (P–V) throughout the testing will assure
their reliability.
6. Summary
The saw-tooth-like deviation of autocollimator Elcomat 3000/8
in the NOM system creates a maximum 269 nrad rms error in
measurement (when measuring with an 2.5 mm aperture) that is
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Fig. 11. Sphere mirror tests to reduce saw-tooth error, R¼100 m: (a) dense measurement method, 0.1 mm/step; (b) center curve of dense measurement method; (c) integer
period method.
S. Qian et al. / Nuclear Instruments and Methods in Physics Research A 785 (2015) 206–212 211
not suitable for a sub-50 nrad rms accuracy test. We developed the
simulation test method to analyze and estimate the impact of the
saw-tooth error. We developed a mode of reading setting for
reducing the saw-tooth error for plane-mirror tests: Tilt the mirror
under test a little to shift the Elcomat reading to a well-deﬁned
location, that is, the slowly rising section of the saw-tooth. At this
location, the estimated deviation induced by the saw-tooth error
could be about 17.1 nrad rms for a mirror with a slope of 1 μrad.
The results of several comparative tests verify the efﬁcacy of this
method, and so it is possible to approach sub-50 nrad rms preci-
sion in measuring a plane mirror. Reducing the error from 80–100
to sub-50 nrad rms is a substantial improvement in testing a plane
mirror. It is a great challenge to reach sub-50 nrad rms resolution
in testing spherical mirrors. First, the saw-tooth error must be
removed. Both the dense-measurement method and the integer-
period method can resolve this problem, so assuring a precise
sphere test. The best way is systematically to eliminate the saw-
tooth error from the autocollimator. Unlike the plane-mirror test,
eliminating this error will not ensure sub-50 nrad rms accuracy in
tests of a spherical mirror. Research is required for reducing and
calibrating Elcomat's systematic error in attaining sub-50 nrad rms
measurements. Further developments in innovatively designing
the proﬁlometer, reducing the beam's lateral movement during
the tests, and assuring precise calibrations under the same test
conditions are needed. Finally, employing ultra-high-quality opti-
cal components (objective, cube prism, penta-prism), precisely
aligning the optical system, and using sound methods of measure-
ment and analysis ﬁnally will ensure the needed sub-50 nrad rms
accuracy for the spherical mirror tests.
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